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An experimental and numerical investigation into the shear strength behaviour of adhesive 
single lap joints (SLJs) was carried out in order to understand the effect of temperature on 
the joint strength. The adherend material used for the experimental tests was an aluminium 
alloy in the form of thin sheets, and the adhesive used was a high-strength high tempera-
ture epoxy. Tensile tests as a function of temperature were performed and numerical predic-
tions based on the use of a bilinear cohesive damage model were obtained. It is shown that 
at temperatures below Tg, the lap shear strength of SLJs increased, while at temperatures 
above Tg, a drastic drop in the lap shear strength was observed. Comparison between the 
experimental and numerical maximum loads representing the strength of the joints shows a 
reasonably good agreement.
Keywords: high temperature adhesives; single lap joints; temperature tests; cohesive zone 
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1. Introduction
The inﬂuence of temperature on the strength of adhesive joints is an important factor to con-
sider in the design of adhesive joints. The most signiﬁcant factors that determine the strength
of an adhesive joint when used over a wide temperature range are: the cure shrinkage [1], the
coefﬁcients of thermal expansion (CTE), (especially when compared to the CTE of the sub-
strates) [2] and different adhesive mechanical properties with temperature such as the stress–
strain curve and the toughness [3–8]. However, due to the polymeric nature of adhesives, the
variation of the mechanical properties of the adhesives with temperature is generally the most
important factor to consider when designing a bonded joint.
Studies that present experimental results of adhesive joints with structural adhesives (espe-
cially epoxies) as a function of temperature generally show a decrease in strength with increas-
ing and decreasing temperatures [9–15]. At high temperatures the cause is the lower adhesive
strength, while at low temperatures the high thermal stresses and the brittleness of the adhesive
are the origin of such behaviour. Adams et al. [10] studied the performance of single lap joints
(SLJs) with epoxy adhesives at low and room temperatures. They investigated the effects of
adherend mismatch, shrinkage and adhesive properties on the stress state of lap joints and
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found that the stresses caused by adhesive shrinkage have much less effect on the lap joint
strength than those generated by the adherend thermal mismatch. Banea and da Silva [5] tested
SLJs with an epoxy adhesive at 40 °C, room temperature (RT) and 80 °C, and showed that
the lap shear strength of the adhesive joints tested at 80 °C decreased by approximately 30%
than that of the specimens tested at RT and by approximately 10% at 40 °C.
Temperature also affects the fracture behaviour of adhesive joints [16–18]. Banea et al.
[17] used the double cantilever beam (DCB) test to evaluate the temperature dependence of
the fracture toughness for adhesive joints bonded with a high temperature RTV silicone adhe-
sive, covering a range of temperatures between RT to 260 °C. They concluded that the value
of toughness and the traction–separation laws exhibited strong temperature dependence. Actu-
ally, the value of fracture toughness, the peak cohesive stress and the respective end-opening
displacement all decreased with temperature. More recently, Banea et al. [18] performed an
experimental and numerical study to evaluate the effect of temperature on the mode I fracture
toughness of a high temperature epoxy adhesive. They found that the fracture toughness of
the epoxy adhesive investigated was essentially temperature independent below the Tg
(Tg≈155 °C); while above the Tg of the adhesive (at 200 °C), a drastic drop in fracture tough-
ness was observed. However, the properties of adhesives over the range of service tempera-
tures need to be studied for each type of application. The adhesives for aerospace
applications need to withstand high temperatures, typically in excess of 150 °C.
In this study, aluminium SLJs were tested at RT and high temperatures (100, 125, 150,
175 and 200 °C). The behaviour of the joints was examined both experimentally and numeri-
cally. A bilinear cohesive damage model was used to obtain the numerical predictions as a
function of temperature.
2. Experimental
2.1. Adhesive selected
The adhesive investigated in this study was a one-component high temperature paste epoxy
adhesive XN1244, supplied by Nagase ChemteX (Japan).
A key parameter in the testing of adhesive joints is the glass transition temperature (Tg)
of the adhesive. When the adhesively bonded joints were tested below this temperature, the
adhesive behaved like a low-strain rigid material while above this temperature the adhesive
had a more rubber-like behaviour. The Tg of XN1244 adhesive obtained by dynamical
mechanical thermal analysis method was approximately 155 °C [19].
The characterization tests for the adhesive were carried out under tension (mode I load-
ing) and shear (mode II loading) considering three specimens for each condition, which
allowed determination of yield strengths and moduli in both loadings. The tensile properties
(mode I loading) of XN1244 adhesive were determined using dogbone specimens, produced
from bulk adhesive plates cured in a steel mould, using a silicone rubber frame, according
to the French standard NF T 76-142 [20]. Curing of the bulk plates was carried out in a
hot press (1 h at 140 °C). The XN1244 specimens were tested in tension using a universal
testing machine Shimadzu® model AUTOGRAPH, under a constant crosshead rate of
1mm/min. Strains were measured by a video extensometer Messphysik ME46, along a
length of 50mm between hand-painted marks. For the high temperatures, the environmental
chamber of the machine was used to reach the desired temperature. Figure 1 illustrates rep-
resentative XN1244 adhesive tensile stress–strain curves as a function of temperature
obtained from tensile tests, which show a decrease in XN1244 adhesive strength with
increasing temperature and an increase in the ductile response of the adhesive. The
characterization of the mechanical properties of XN1244 adhesive has been described in
more detail elsewhere [19].
The thick adherend shear test (TAST) tests for mode II loading followed the guidelines of
the standard ISO 11003-2:1999 [21], using steel substrates of dimensions 110mm
25mm 12mm (Figure 2). The joint surfaces were grit blasted and degreased with acetone
prior to application of the adhesive. The bondline thickness was nominally 0.7mm and the
length of the overlap test section was 5mm. Two spacers (1.5mm thick) were inserted in the
gaps between the adherends after the application of the adhesive and prior to curing in order
to provide the necessary spacing between the two adherends. These spacers were removed
after the adhesive was cured. The joints were cured in a hot press following the manufac-
turer’s suggested curing conditions (1 h at 140 °C). TAST tests were performed at RT on an
MTS servohydraulic machine, model 312.31, at a constant crosshead rate of 0.1mm/min. The
displacement was measured with two methods: a 25mm length MTS extensometer and a
non-contact method (video microscopy). As the extensometer is mounted on the metallic sub-
strate, the extensometer measures not only the displacement of the adhesive, but also the dis-
placement of the adherend [22]. Therefore, it is necessary to apply a correction to the
measured displacements. At the same time, video microscopy was used to record the dis-
placements, which gives only the adhesive displacement. The strains were calculated using
the spatial correlation method developed by Chousal and Gomes [23].
A characteristic shear stress–strain curve of XN1244 adhesive measured by the two meth-
ods (MTS extensometer and video microscopy) at RT is shown in Figure 3. The shear modu-
lus was determined from the stress–strain curve measured by the video microscopy method
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Figure 1. Tensile stress–strain (σ–ɛ) curves from representative tensile bulk tests on adhesive XN1244
as a function of temperature.
Figure 2. Standard TAST specimen (dimensions in mm).
(the ‘adhesive’ curve). The shear strength is coincident for the two curves. The shear strain to
failure presented in Table 1 was obtained from the ‘steel + adhesive’ curve, because it is not
always possible to obtain the last part of the curve by spatial correlation due to image focus-
ing problems at break point.
Table 1 summarizes the data collected on this adhesive, which were subsequently used for
the ﬁnite element simulations and strength predictions. The yield strength was calculated for
a plastic deformation of 0.2%.
2.2. Specimens fabrication
Aluminium alloy 6082-T651 (Al Si1MgMn) substrates characterized by a high tensile
strength with a thickness of 3 and 25mm width were used in order to avoid plastic deforma-
tion of the adherends. The bulk stress–strain (σ–ɛ) response of the aluminium adherends,
obtained according to ASTM-E8M-04 standard [24], is presented in Figure 4 for the three
specimens tested [25]. The aluminium has a Young’s modulus of 70.07 ± 0.83GPa, a yield
stress of 261.67 ± 7.65MPa, a maximum strength of 324 ± 0.16MPa and a failure strain of
21.70 ± 4.24%. The bilinear approximation of Figure 4 was used as input in the simulations.
The joint surfaces were grit blasted and degreased with acetone prior to the application of
the adhesive. The substrates were bonded and then the specimens were cured in a hot press
following the manufacturer’s suggested curing conditions (1 h at 140 °C). A mould with spac-
Figure 3. Typical XN1244 adhesive shear stress–strain curve measured by the two methods (MTS
extensometer and video microscopy).
Table 1. Properties of XN1244 adhesive.
Property Value
Young’s modulus, E (GPa) 5.87 ± 0.33
Poisson’s ratio, νa 0.35
Tensile yield strength, σy (MPa) 46.90 ± 2.70
Tensile failure strength, σf (MPa) 68.23 ± 5.06
Tensile failure strain, ɛf (%) 1.46 ± 0.23
Shear modulus, G (GPa) 2.15 ± 0.10
Shear failure strength, τf (MPa) 31.61 ± 2.83
Shear failure strain, γf (%) 8.05 ± 1.2
aManufacturer’s data.
ers for correct alignment of the substrates was used (see Figure 5). The bondline thickness
was controlled using shims. The bondline thickness was 0.2mm and the length of the overlap
was 25mm. The geometry of the lap shear joint specimens used is shown in Figure 6.
Figure 5. Mould for SLJ specimens fabrication.
Figure 6. SLJ specimen geometry (dimensions in mm).
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Figure 4. Experimental tensile stress–strain (σ–ɛ) curves for the aluminium AW6082 T651 and
approximation for the FEM analysis.
Aluminium tabs were glued at the specimen’s edges for a correct alignment in the testing
machine.
2.3. Test method
The SLJs were tested at RT and high temperatures (100, 125, 150, 175 and 200 °C) using a
universal testing machine Instron® model 8801 (Instron Co., USA), under a constant cross-
head rate of 1mm/min. For the high temperature tests, the environmental chamber of the
machine was used to attain the desired test temperatures.
At least three joints were tested to failure at each temperature. For each joint tested, load–
displacement curves were produced.
A thermocouple was applied to the specimen in order to ensure that the air temperature
inside the chamber was equal to the specimen temperature. The tests were always performed
Figure 7. Failure mode of SLJs tested at (a) RT, (b) 100, (c) 125, (d) 150, (e) 175 and (f) 200 °C.
after approximately 5min of achieving the test temperature in the specimens, to ensure a
steady state temperature throughout the specimen prior to testing.
3. Experimental results
3.1. Failure modes
After the tests, the failure modes of the specimens were evaluated visually. It is well known
that for brittle adhesives the failure of the adhesive joints is dominated by stress concentra-
tions [26]. Thus, at RT, failure of the adhesive occurs in regions of maximum stress or strain
concentration. However, increasing the temperature, the adhesive becomes more ductile and
there was a larger adhesive yielding which resulted in a change in failure mode. At RT,
cracks which run through the adhesive close to the adherend–adhesive interface meet at the
middle of the overlap as can be seen in Figure 7(a). For SLJs tested at 100 °C (Figure 7(b)),
the failure surface was different from that observed at RT in that main part of the adhesive
inside the overlap remain on one of the adherends (there was a thin ﬁlm left on the other
adherend). For SLJs tested at 125 °C, the failure mode was a cohesive failure in the middle
of the adhesive layer (Figure 7(c)). A similar failure mode occurred at the other temperatures
(see Figure 7(d)–(f)). The failure surface at 175 and 200 °C was rougher which indicates a
higher plastic deformation of the adhesive.
3.2. Effect of temperature
Representative load–displacement curves of XN1244 adhesive SLJs as a function of tempera-
ture are presented in Figure 8. It can be seen that the failure load increased with temperature
up to 150 °C, and decreased at 175 and 200 °C as the Tg of the adhesive is overpassed. The
XN1244 SLJs stiffness does not vary substantially with temperature up to 175 °C.
Average lap shear strengths and failure displacements of XN1244 SLJ as a function of
temperature are presented in Figure 9. The average lap shear strength (τav) is given by:
sav ¼ P=bL ð1Þ
where P is the maximum load, b is the joint width and L is the joint overlap length.
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Figure 8. Representative load–displacement curves of XN1244 adhesive SLJs as a function of
temperature.
With an increase of temperature, a slight increase in lap shear strength occurs at 100 °C.
The lap shear strength of the adhesive joints tested at 100 °C was approximately 9% higher
than that of specimens tested at RT. Data obtained from tests at 125 °C showed an increase in
lap shear strength of the adhesive by approximately 30%. This can be explained by the fact
that at RT, the failure takes place at the end of the overlap and once a crack has initiated, the
adhesive has no ductility to absorb the fracture energy; while as the temperature increased
and moved closer to the adhesive Tg (155 °C), the adhesive became ductile and the overlap
contributed more to the strength as the adhesive yields. The yielding of the adhesive redistrib-
uted the stresses, making more use of the less-strained parts of the overlap. In other words,
joint strength depends not only on the peak values of the stresses, but also on the quantity of
material that was exposed to these stresses. The decrease in stress peaks and increase in the
amount of material subjected to stresses seemed to attain an optimum resulting in maximum
joint strength at around 125 °C. This type of behaviour was similar to that observed by da
Silva et al. in [27].
Generally, as the temperature was increased, the adhesive strength decreased and the duc-
tility increased. There is a temperature when the adhesive starts to behave like a rubber
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Figure 9. Average lap shear strength and displacement of XN1244 adhesive as a function of
temperature.
Figure 10. Lap shear strength behaviour as a function of adhesive ductility and bulk strength.
(above Tg). At Tg, there was a drop in the elastic modulus as well as in the strength. Below
Tg, it was difﬁcult to say at what temperature the lap shear strength was higher as there were
two factors to consider: the ductility and the strength. Figure 10 shows schematically the lap
shear strength behaviour as a function of the adhesive bulk properties. The lap shear strength
increased with the adhesive ductility up to the best compromise between the ductility and the
bulk strength. According to Figure 9, the temperature corresponding to the best strength/duc-
tility combination for XN1244 adhesive was the 125 °C.
At temperatures above Tg, the lap shear strength of the adhesive joints tested at 175 °C
was approximately 54% less than that of the specimens tested at RT, while data obtained
from tests at 200 °C showed a decrease in the lap shear strength of the adhesive joints by
approximately 75%.
The variation in the test results (see standard deviations at 175 and 200 °C in Figure 9)
increased at temperatures above Tg, because the adhesive properties had a sharp decrease
making the joint behaviour very sensitive to small temperature changes in this range.
The adhesive deformation to failure increased with increasing temperature up to 150 °C
by approximately 23% at 100 °C, 53% at 125 °C and 32% at 150 °C, while at temperatures
above Tg (175 and 200 °C) the adhesive deformation to failure decreased by approximately
19 and 51%, respectively.
4. Numerical analysis
A non-linear geometrical numerical analysis was performed using the commercial ﬁnite ele-
ment (FE) programme ABAQUS®. The mesh used for the SLJs can be seen in Figure 11.
Restraining and loading conditions are shown in Figure 6, consisting in clamping the joint at
one of its edges and applying a vertical restraint and tensile displacement at the opposite
edge, to faithfully reproduce the test conditions [28,29]. The joint was meshed by ABA-
QUS® CAE meshing algorithms from the user introduced seeding preferences (including bias
effects). The mesh was particularly reﬁned at the overlap edges to accurately capture spots of
stress concentrations [30,31]. The joints were modelled as two-dimensional, with plane strain
solid elements (referenced as CPE8 from the ABAQUS® library).
4.1. Cohesive zone modelling
Cohesive zone models (CZMs) model the elastic loading, initiation of damage and further
propagation due to local failure within a material. CZMs are based on a relationship between
stresses and relative displacements connecting initially superimposed nodes of the cohesive
elements (Figure 12), to simulate the elastic behaviour up to the peak load and subsequent
softening, to model the gradual degradation of material properties up to complete failure.
Generically speaking, the shape of the softening laws can be adjusted to conform to the
behaviour of the material or interface they were simulating [32,33]. The areas under the trac-
tion–separation laws in each mode of loading (tension and shear) were equalled to the respec-
Figure 11. Finite element mesh used for an SLJ.
tive fracture energy. Under pure mode, damage propagation occured at a speciﬁc integration
point when the stresses were released in the respective traction–separation law. Under mixed
mode, energetic criteria were often used to combine tension and shear [32], thus simulating
the typical mixed-mode behaviour inherent to bonded assemblies. In this work, a continuum-
based approach was considered to model the ﬁnite thickness of the adhesive layer. The cohe-
sive layer was assumed to be under one direct component of strain (through thickness) and
one transverse shear strain, which were computed directly from the element kinematics. The
membrane strains were assumed as zero, which was appropriate for thin and compliant layers
between stiff adherends. The traction–separation law assumes an initial linear elastic behav-
iour followed by linear evolution of damage. Elasticity is deﬁned by an elastic constitutive
matrix relating stresses and strains across the interface [34] as:
t ¼ tn
ts
 
¼ Knn Kns
Kns Kss
 
en
es
 
¼ Ke: ð2Þ
The matrix K contains the stiffness parameters of the adhesive layer, given by the quotient
between the relevant elastic modulus and adhesive thickness (tA). A suitable approximation
for thin adhesive layers was provided with Knn=E, Kss=G, Kns = 0, where E and G are the
longitudinal and transverse elastic moduli [32]. Damage initiation can be speciﬁed by differ-
ent criteria. In this work, the quadratic nominal stress criterion was considered for the initia-
tion of damage, already shown to give accurate results [32], expressed as [34]
htni
t0n
 2
þ ts
t0s
 2
¼ 1: ð3Þ
where t0n and t
0
s represent the pure mode (normal or shear, respectively) peak values of the
nominal stress. h i are the Macaulay brackets, emphasizing that a purely compressive stress
state does not initiate damage. After the peak value in Figure 12 was attained, the material
stiffness was degraded under different possible laws, depending on the material to be simu-
lated. For brittle materials such as XN1244 adhesive, a linear softening law was sufﬁciently
appropriate [35]. Complete separation was predicted by a linear power law form of the
required energies for failure in the pure modes [34]
Gn
Gcn
þ Gs
Gcs
¼ 1: ð4Þ
Figure 12. Traction–separation law with linear softening available in ABAQUS®.
The quantities Gn and Gs relate to the work done by the traction and corresponding rela-
tive displacements in the normal and shear directions, whilst the relating critical fracture ener-
gies required for pure mode failure are given by Gcn and G
c
s for normal and shear loadings,
respectively.
5. Numerical results
In the simulations, by modelling the adhesive layer as a traction–separation law with CZM
and the adherends as elastic perfectly plastic using the approximation of Figure 4, fracture
occurred due to cohesive crack propagation in the adhesive bond, beginning at the overlap
edges with fast propagation to the inner regions of the bond.
The parameters Gcn and G
c
s (the fracture toughness in pure mode I and II) were deﬁned by
testing at each temperature, with the DCB tests and the end-notched ﬂexure (ENF) tests,
respectively, in previous studies [18,19,36]. The t0n (normal cohesive stress) was determined
from tensile bulk tests as a function of temperature [19], while t0s (shear cohesive stress) at
RT, 100 and 150 °C, was extracted by comparing numerical predictions from cohesive zone
simulations to the results of ENF experimental tests [36].
It is known that for ductile adhesives the average lap shear stress in the joints at failure in
quasi-static loading is very similar to the measured shear strength with the TAST. Actually, in
a previous work [5], the authors found for Sikaﬂex 552 adhesive (supplied by Sika Portugal)
that the TAST gave a τr = 2.39MPa, while from SLJs tests the results were very similar
(τav = 2.27MPa). This indicated that the shear stresses in the joints with ductile adhesives
were uniformly distributed whether TAST or SLJ specimens were used. In other words, the
SLJ can be used to determine the shear strength of ductile adhesives, contrarily to stiff and
rigid adhesives. Therefore, at 200 °C, the t0s was estimated from the SLJs experiments, as it
was not possible to determine it with the inverse method [36]. The material properties used
for the CZM simulations are listed in Table 2.
In Figure 13, representative experimental and numerical load–displacement curves for the
SLJ specimens at RT (a) 100 (b), 150 (c) 200 °C and (d) can be seen.
At RT, the failure load predicted by the CZM was around 25% higher than the experimen-
tal failure load. One factor that explained the errors in predictions was the residual stresses.
When adhesive joints are cured at high temperature and then cooled to RT, residual stresses
will inevitably be present (the brittle adhesive XN1244 used in this study cures at high tem-
perature [140 °C]). These stresses can arise either from differential thermal shrinkage between
the components of the specimen or from chemical shrinkage of the adhesive. When a crack
grows in a specimen with residual stresses, the residual stresses can contribute to the total
amount of energy released. On the other hand, it has been previously noted that the FE model
predictions tend to be stiffer than the measured joint responses [37].
Table 2. Properties of XN1244 adhesive for CZM modelling.
Temperature (°C) Gcn (N/mm) G
c
s (N/mm) t
0
n (MPa) t
0
s (MPa) E (MPa) G (MPa)
RT 0.47 2.2 68 32 5872 2150
100 0.50 2.6 45 25 4173 1527
150 0.42 1.7 6.5 12 72 25
200 0.07 0.3 1.4 3 40 14.6
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Figure 13. Representative experimental and numerical P–δ curves at (a) RT, (b) 100, (c) 150 and (d)
200 °C.
The simulation response matched the experimental results well at 100 °C. At 150 and
200 °C (temperatures close and above Tg), the simulation response matched the experimental
results reasonably well. However, the displacement at fracture was not well captured. The
fracture in the model occurs well before the displacement where fracture occurred in the
experiment. It seems that some mechanism of failure was not captured by the CZM at these
temperatures.
As we have seen before, with the increased temperature close to Tg, the ductility of the
adhesive increased. Hence, even though several authors showed that the shape of the
traction–separation law was relatively unimportant to the outcome of the models [38–40],
the trapezoidal traction–separation law, to model the adhesive at 150 °C, might be more
appropriate to be used as it accounts for large plasticization up to failure occurring under
these conditions. Nevertheless, while the bilinear traction–separation law was readily available
in ABAQUS®, the trapezoidal traction–separation law has not yet been implemented; hence,
the trapezoidal model needed special subroutines in ABAQUS® and was more difﬁcult to
use. On the other hand, at temperatures above Tg (at 200 °C), some uncertainties about the
state of chemical degradation of the adhesive existed. However, further investigations on the
use of these laws at temperatures close to and above Tg are needed.
6. Conclusions
The main objective of this work was to evaluate the capabilities of using the current imple-
mentations of CZM available in ABAQUS® to simulate the behaviour and strength of adhe-
sively bonded joints as a function of temperature and validate experimentally the damage
laws for pure mode I and pure mode II, determined in previous studies. For this purpose,
SLJs between aluminium adherends were fabricated and tested at RT and high temperatures.
The following conclusions can be drawn:
• At temperatures below Tg, the lap shear strength of SLJs increased (by approximately
9% at 100 °C and by 30% at 125 °C), while at temperatures above Tg, a drastic drop in
the lap shear strength was observed (by 54% at 175 °C and by approximately 75% at
200 °C).
• The lap shear strength increased with the adhesive ductility up to the best compromise
between the ductility and the bulk strength. The temperature corresponding to the best
strength/ductility combination for the speciﬁc aluminium SLJ bonded with XN1244
adhesive was the 125 °C.
• CZMs have been used to characterize the adhesive behaviour as a function of tempera-
ture. The simulation response for various temperatures matches reasonably well the
experimental results.
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